Background: CCN1 (also called Cyr 61) is an extracellular matrix signaling molecule that has been implicated in neovascularization through its interactions with several endothelial integrin receptors. The roles of vascular endothelial growth factor (VEGF) in angiogenesis are well described. The aim of this study was to investigate the signal transduction mechanism of CCN1-PI3K/Akt-VEGF in retinopathy of prematurity (ROP), and the effects of CCN1 knockdown on ROP. Methods: The oxygen-induced retinopathy (OIR) model was established in C57BL/6J mice exposed to a high concentration of oxygen. Retinas were obtained from the normoxia, OIR, OIR control (treated with scramble siRNA) and OIR treated (with CCN1 siRNA) groups. Retinal neovascularization (RNV) was qualitatively analyzed with ADPase staining and quantitatively analyzed by counting neovascular endothelial cell nuclei at postnatal day 17 when RNV reached a peak. mRNA level and protein expression of CCN1, p-Akt, and VEGF were measured by real-time PCR and Western blotting, and located with immunohistochemistry. Results: CCN1 depletion resulted in less neovascularization clock hour scores in the number of preretinal neovascular cells compared with the OIR treated group (1.28±0.83 versus 4.80±0.82; and 7.12±2.50 versus 23.25±2.35, respectively, both P0.05). Furthermore, CCN1, p-Akt and VEGF mRNA, and protein were significantly expressed in the retina of the OIR and OIR control groups. Intravitreal injection of CCN1 siRNA significantly reduced PI3K/Akt-VEGF pathway expression of the OIR mouse model (all P0.05). CCN1 siRNA significantly enhanced the avascular area and avascular diameter of OIR model (P0.05). CCN1 siRNA decreased the levels of IL-1β, IL-6, and TNF-α significantly compared to the OIR group (P0.05). Conclusion: These results suggest that CCN1 plays an important role in RNV via the PI3K/ Akt-VEGF signaling pathway. CCN1 may be a potential target for the prevention and treatment of ROP.
Introduction
Retinal neovascularization (RNV) occurs in many proliferative ischemic retinopathies such as retinopathy of prematurity (ROP), proliferative diabetic retinopathy, and retinal vein occlusion. 1 At present, ROP is a leading cause of blindness among children in both developed and developing countries. 2, 3 Therefore, the prevention and treatment of ROP have become an important task of ophthalmic physicians. Current therapies aim at eliminating/reducing the actual causes of RNV while simultaneously normalizing the retinal vasculature.
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CCN1, or Cyr 61, is a secreted heparin-binding protein of 40 kDa that displays pro-angiogenic activities, including endothelial cell adhesion, migration, proliferation, and tubule formation. [9] [10] [11] Recent studies have demonstrated that CCN1 induces MCP-1 through the activation of PI3K/Akt and NF-κB signaling in chorioretinal vascular endothelial cells. 12 Additionally, a previous study showed that CCN1 via PI3K/Akt signaling pathway could enhance VEGF expression and promote tumor neovascularization. 13 However, the correlation of CCN1 and VEGF expression in ROP has not been elucidated and the actual mechanism of CCN1 in RNV of ROP remains unclear.
Therefore, we hypothesize that the CCN1-PI3K/Akt-VEGF signaling pathway might promote RNV of ROP. To test this hypothesis, we measured the expression of CCN1-PI3K/Akt-VEGF pathway in RNV. In addition, we investigated whether the block of CCN1 inhibited RNV of ROP.
Materials and methods animals
All experiments were performed in accordance with guidelines set by the Animal Experiment Committee of the Shengjing Hospital of China Medical University, and the study was approved by Shengjing Hospital of China Medical University's Ethics Committee. Throughout the study, C57BL/6J newborn mice (Animal Laboratory, China Medical University, Shenyang, People's Republic of China; female or male; n=280) were given access to food and water ad libitum and housed with lactating female mice.
Oxygen-induced retinopathy
Oxygen-induced retinopathy (OIR) was induced in C57BL/6J mice as described by Smith et al.
14 Postnatal day 7 (P7) mice and their mothers were placed in a chamber and exposed to an oxygen concentration of 75%±2% as monitored by an oxygen analyzer for 5 days (P12). The mice were exposed to 12-hour cyclical broad spectrum light. The room temperature was maintained at 23°C±2°C. On P12, the mice were removed to room air until P17, when the retinas were assessed for maximum neovascular response, as previously observed. 14 The mice were randomly divided into four groups of 70: normoxia, OIR, OIR control (transiently transfected with the scramble siRNA), and OIR treated (transiently transfected with the CCN1 siRNA). The OIR control or treated groups received an intravitreal injection of 1 μL scramble siRNA plasmid or CCN1 siRNA plasmid at P11 using a 33-gauge needle attached to a Hamilton syringe, and were returned to room air at P12. Mice in all four groups were deeply anesthetized with ketamine, and were sacrificed at P17 to collect retinas for morphological and pathological studies, as well as for mRNA and protein analyses.
Preparation of ccn1 sirna
CCN1 and scrambled siRNA were purchased from GenePharma Co. Ltd. (Shanghai, People's Republic of China). The sequence of siRNAs targeting the mouse CCN1 gene is shown in Table 1 . The resultant siRNA was purified, quantified, and suspended in water at a concentration of 500 ng/μL; 0.5 μL siRNA for CCN1 was combined with 0.5 μL Lipofectamine 2000 (with the final concentration of Lipofectamine 2000 at 50 nM, and our preliminary results showed that this concentration is not toxic for in vitro and vivo both) (Thermo Fisher Scientific, Waltham, MA, USA) for 20 minutes before injection according to the manufacturer's instructions. The CCN1-homo-1072 construct yielded the best results, and was used in the following experiments.
angiography using aDPase
Retinal vascular patterns were assessed as previously described. 15 Eyes were enucleated and fixed in 4% paraformaldehyde for 3 hours. Retinas were dissected, 16 Three independent reviewers were blinded to grouping when counting clock hour scores in order to assess the severity of neovascularization.
Quantification of pre-RNV
To quantify preretinal neovascular cells, retinal structures were analyzed on 6 μm hematoxylin and eosin-stained section as described previously. 17 At P17, the eyes were enucleated and fixed in 4% paraformaldehyde for 24 hours, and embedded in paraffin. Serial sections (6 μm) of whole eyes were cut sagittally through the cornea and parallel to the optic nerve and stained with hematoxylin and eosin. Ten nonserial sections were analyzed per eye. The preretinal neovascular cell nuclei, identified under light microscopy, was considered to be associated with new vessels if they were found on the vitreal side of the internal limiting membrane (ILM). 17 Three independent reviewers were blinded to grouping when counting the cells.
immunohistochemistry analysis
Formalin-fixed, paraffin-embedded 6 μm eye tissue sections were placed on slides, deparaffinized in xylene, and rehydrated in graded ethanol baths in phosphate-buffered saline. Immunostaining was performed by the streptavidin-peroxidase method (Ultrasensitive; MaiXin, Fuzhou, People's Republic of China). Hydrogen peroxide (3%) was applied to block endogenous peroxidase activity, and normal goat serum was used to reduce nonspecific binding.
Sections were incubated with commercially available primary antibodies: rabbit anti-CCN1 polyclonal antibody (1:500, Abcam, Cambridge, UK); rabbit anti-p-AKT1/2/3 (Ser473) polyclonal antibody (1:500, Santa Cruz Biotechnology Inc., Dallas, TX, USA); or rabbit anti-VEGF polyclonal antibody (1:500, Santa Cruz Biotechnology Inc.) overnight at 4°C. The sections were incubated with biotinylated secondary antibody (1:1,000, Santa Cruz Biotechnology Inc.) and reacted with the avidin-biotinylated peroxidase complex. The primary antibody was replaced with phosphate-buffered saline for negative controls. The peroxidase reaction was developed with 3, 3′-diaminobenzidine (Maixin Biotechnology, Foshan, China), and sections were counterstained with hematoxylin, dehydrated with alcohol, and mounted using a standard procedure. Images were digitally captured using an Olympus B201 optical microscope.
Western blot analysis
For protein analysis from retinas, mouse eyes were enucleated and retinas were carefully dissected and homogenized in lysis buffer containing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.5% Nonidet P40, 0.5% sodium deoxycholate, and phenylmethylsulfonyl fluoride (all from Sigma-Aldrich Co., St Louis, MO, USA). Protein samples (30 μg) were run on 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes (Merck Millipore, Billerica, MA, USA). After blocking with 5% bovine serum albumin in Tris-buffered saline-Tween 20 (TBST; 20 mM Tris-HCl, 500 mM NaCl, 0.05% Tween-20), membranes were incubated with specific primary antibodies, including rabbit anti-CCN1 polyclonal antibody (1:2,000, Abcam); rabbit antipAkt1/2/3 polyclonal antibody (1:2,000, Santa Cruz Biotechnology Inc.); mouse anti-IL-1β monoclonal antibody (1:3,000, Santa Cruz Biotechnology Inc.), rabbit anti-IL-6 polyclonal antibody (1:1,000, Abcam), mouse anti-TNF-α monoclonal antibody (1:3,000, Santa Cruz Biotechnology Inc.) or rabbit anti-VEGF polyclonal antibody (1:2,000, Santa Cruz Biotechnology Inc.) overnight at 4°C, followed by incubation with horseradish-peroxidase-conjugated secondary antibody (1:2,000, Zhongshan Jinqiao Biotechnology Co. Ltd., Beijing, People's Republic of China) for 1 hour. Signals were detected with enhanced chemiluminescence (Pierce Biotechnology, Rockford, IL, USA) in the GIS-2020 image-processing system (Technew Tech. Co. Ltd., Shanghai, People's Republic of China). The ratio between the optical density of the protein of interest and β-actin of the same sample was calculated as the relative content of the protein detected.
Quantitative real-time rT-Pcr
Total RNA was isolated using RNAiso Plus (Takara Bio, Otsu, Japan). Quantitative real-time RT-PCR (qRT-PCR) was performed using the reverse transcriptase kit from Takara Bio (PrimeScript RT Reagent Kit-Perfect Real Time) (Takara Bio, Otsu, Japan). Primers were designed using Primer Express software, version 2.0 (Thermo Fisher Scientific). β-actin was used as a normalizing control. The primers used in the retinas are shown in 
Results
Qualitative assessment of rnV
To determine whether CCN1 siRNA suppresses oxygeninduced ischemic RNV, we examined the retinal vasculature of the normoxia, OIR, OIR control, and OIR treated groups using ADPase in retinal flat mounts at P17 (Figure 1 ). The retinas of the normoxia group had both superficial and deep vascular layers that extended from the optic nerve to the periphery. The vessels formed a fine radial branching pattern in the superficial retinal layer and a polygonal reticular pattern in the deep retinal layer. The retinal vessels of the OIR and OIR control groups had an obvious dilation pattern extending from the optic nerve and larger regions of non-perfusion. Neovascular tufts extended from the surface of the retina at the junction between the perfused and non-perfused retina in the OIR group (5.20±0.75) and OIR control group (4.80±0.82), which was still higher than in the normoxia group (1.10±0.55) (all P0.05). In contrast, retinas of the OIR treated group (1.28±0.83) developed less severe neovascular tufts and regions of non-perfusion compared with the OIR and OIR control groups (all P0.05), which showed a strong inhibitory effect on RNV in the gene therapy group.
Quantitative assessment of rnV
To confirm the inhibitory effect of CCN1 siRNA, examination of 6 μm paraffin-processed cross-sections of mouse eyes was performed. The preretinal neovascular cells growing into the vitreous humor were counted from each eye following an established method. 17 As shown in Figure 2 , there was an average of 0.98±0.20 nuclei per cross-section in the normoxia group compared to 25.55±2.84 and 23.25±2.35 in the OIR and OIR control group, respectively (both P0.5). Moreover, the average number of preretinal neovascular cells in the OIR treated group (7.12±2.50) decreased significantly compared with the OIR and OIR control group (both P0.05), confirming the anti-neovas cularization effect of CCN1 siRNA on RNV in the gene therapy group.
Furthermore, in order to compare with the conventional VEGF therapy, we also examined the avascular area (mm 2 ) and avascular diameter (mm) of every group. The results indicated that the avascular area and avascular diameter in the OIR and OIR control group were significantly decreased compared to the normoxia group ( Figure S1 , P0.05). Also, 
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ccn1-Pi3K/akt-VegF signaling pathway of the Oir mouse model revealed by immunohistochemistry
Immunohistochemistry was performed to investigate the localization and expression levels of CCN1, p-Akt, and VEGF in the normoxia, OIR, OIR control, and OIR treated groups (Figure 3 ). Immunohistochemistry staining of retinal sections revealed CCN1, p-Akt, and VEGF expression was weakly detected only in the ganglion cell layer (GCL) and inner plexiform layer (IPL) of the normoxia group, whereas in the OIR and OIR control groups, they were strongly detected in the GCL, IPL, inner nuclear layer, and outer plexiform layer, with neovascularization breaking through the ILM. However, CCN1, p-Akt, and VEGF showed low-level expression in the GCL and IPL and RNV breaking through the ILM of the OIR treated group compared with the OIR qRT-PCR: quantitative real-time PCR, and OIR control groups. The results demonstrated that hypoxia-induced CCN1 expression was mediated through the PI3K/Akt-VEGF pathway.
ccn1 sirna inhibited rnV through inhibiting Pi3K/akt-VegF signaling in Oir mice, by real-time rT-Pcr and Western blotting Real-time RT-PCR demonstrated that CCN1, Akt, and VEGF mRNA levels in the OIR treated group were reduced by 64.58%, 50.87%, and 65.90%, respectively, when compared with the OIR control group (all P0.05, Figure 4) . In addition, the expression of these mRNAs in the OIR and OIR control groups was upregulated significantly compared to the normoxia group (all P0.05, Figure 4 ), whereas there was no significant difference between the OIR and OIR control groups (all P0.05, Figure 4 ). Western blotting revealed similar results in retina samples. CCN1, p-Akt, and VEGF protein levels in the OIR treated group were reduced by 51.55%, 32.36%, and 45.70%, respectively, when compared with the OIR control group (all P0.05, Figure 5 ). In addition, protein expression in the OIR and OIR control groups was upregulated significantly compared to the normoxia group (all P0.05, Figure 5 ), whereas there was no significant difference between the OIR and OIR control groups (all P>0.05, Figure 5 ).
Taken together, our results suggest that CCN1 siRNA inhibits RNV through inhibiting the PI3K/Akt-VEGF signaling pathway. In order to investigate the effects of CCN on the inflammatory response, the IL-1β, IL-6, and TNF-α were examined. The result indicated that there were serious inflammatory cytokines in the OIR and OIR control group compared to the normoxia group (Figure 6, P0.05) . However, the CCN1 siRNA decreased the levels of IL-1β, IL-6, and TNF-α significantly compared to the OIR group (Figure 6 , P0.05). These results suggest that the CCN therapy could also decrease the inflammatory response.
Discussion
RNV is stimulated by one or more angiogenic factors released by the retina under ischemic or hypoxic conditions. 19, 20 VEGF has been demonstrated to be a major pathogenic factor and therapeutic target in retinal angiogenic diseases. 21 Recent studies have demonstrated that intravitreal injection of anti-VEGF antibody (bevacizumab or ranibizumab) is effective. 22, 23 In addition, a previous study showed that intravitreal bevacizumab as an anti-VEGF monotherapy had a significant benefit for zone I ROP as compared with conventional laser therapy. 24 It is possible that several other factors participate in the angiogenic process involved in ROP. The candidate factors include bFGF, 25 HIF-1α, 26 and CCN family proteins. 4, 27 CCN1, the first cloned member of the CCN family, can also regulate the expression of genes involved in angiogenesis and matrix remodeling, including VEGF, MMP, and TIMPs. 28, 29 Previous studies have shown potent pro-angiogenic properties of CCN1 in a rat cornea and diabetic retinopathy model. 30, 31 Recent studies have also shown that the vitreous levels of CCN1 are upregulated in patients with proliferative diabetic retinopathy. 32 Therefore, CCN1 may induce RNV in OIR both directly and indirectly. However, few studies have elucidated the relationship between CCN1 and VEGF on RNV in the OIR model. Our study found that expression of CCN1 and VEGF was increased to the same level in ischemic retina of OIR, thus verifying that CCN1 and VEGF can participate in the pathological process of ROP. In this study, we also examined the avascular area and avascular diameter in every group. The results indicated that the CCN I siRNA could increase the avascular area and avascular diameter in the ischemic retina of OIR. However, this effect could not affect the normal avascular area and avascular diameter compared to the conventional anti-VEGF. Therefore, the method in our study may replace the conventional anti-VEGF drugs in clinical for the ROP.
RNA interference is a powerful tool for post-transcriptional gene silencing, and is a new method to study gene function. 33 A previous study has shown that transfer of the siRNA gene to the retina was accomplished at 1 day after intravitreal injection. 19, 34 For this reason, we delivered siRNA to the retina 1 day before the onset of hypoxia. We observed no endophthalmitis, systemic toxic reactions or death in the OIR control and OIR treated groups, thus, intravitreal injection of siRNA is safe and effective. In the present study, CCN1 siRNA intravitreal injection efficiently inhibited retinal angiogenesis by reducing VEGF mRNA and protein expression. These results confirm that CCN1 depletion can exert an anti-angiogenic effect by decreasing VEGF production. We also found that the antiangiogenic effect of CCN1 siRNA came from the reduction in VEGF, which may occur through the reduction in PI3K/Akt, a transcriptional activator of VEGF in ischemic retina. 12 Additionally, our study provides evidence that increased CCN1 contributes to increased levels of PI3K/Akt-VEGF and angiogenesis in OIR retinas, and that CCN1 could be a target for treatment of RNV. Thus, these results suggest that the CCN1-PI3K/Akt-VEGF signaling pathway plays an important role in ROP.
Our study showed that retinal angiogenesis and expression of CCN1, Akt, and VEGF could not be completely inhibited by CCN1 siRNA. This phenomenon may be related to the actions of other angiogenic factors such as bFGF, IGF-1, IL-8, c-Jun, erythropoietin, and HIF-1α. 31, 35, 36 Further studies are required to explore the precise relationship of these angiogenic factors with CCN1, and their involvement in these pathological processes.
In conclusion, CCN1 depletion reduced RNV in OIR via PI3K/Akt degradation and subsequent attenuation of VEGF expression. Taken together, our results suggest that CCN1-targeting intervention has therapeutic potential as an anti-angiogenic drug for variable ischemia-induced vasoproliferative retinopathies, especially ROP.
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